The PDF file includes: Fig. S1 . This colormap is used in all subsequent animations, unless a colormap is explicitly displayed in the animation. . APD and CV restitution curves obtained from optical mapping in a Langendorffperfused porcine heart (circles) and the fit by the MM (red line). Fig. S4 . APD restitution data obtained in the simulation from steady-state pacing shown in red and scatter plot of APD versus DI obtained from the whole tissue in the presence of a single spiral wave (VT, left) and during sustained fibrillation (VF, right). Fig. S5 . MM for rabbit with CytoD and DAM. Fig. S6 . Each panel shows a different scenario that was successfully modeled using WebGL. Fig. S7 . Parameter sweep using the OVVR model in conjunction with TP-I Na current kinetics. Legends for movies S1 to S13 Experimental measurements and fitting MMs to experimental data Simulations of spiral waves with different trajectories Further example of parameter space study using the OVVR model in 2D Legend for Supplementary Programs
Other Supplementary Material for this manuscript includes the following:
(available at advances.sciencemag.org/cgi/content/full/5/3/eaav6019/DC1) Movie S1 (.avi format). Linear spiral wave core trajectories seen in Fig. 1A obtained experimentally in canine right ventricle from optical mapping (top) and numerically reproduced by the OVVR model calculated using WebGL 2.0 (bottom) with m-cells and 90% of L-type calcium blockage.
Movie S2 (.avi format). Circular spiral wave core trajectory seen in Fig. 1B obtained experimentally in canine atria from optical mapping (top) and numerically reproduced by the OVVR model calculated using WebGL 2.0 (bottom) with m-cells. Movie S3 (.mov format). EADs that are generated in a 2D slab of tissue seen in Fig. 1D from a single stimulus in the bottom left corner of the domain. Movie S4 (.mov format). Evolution and breakup of a single scroll wave and its corresponding filament in a 3D slab. Movie S5 (.avi format). Reproducing a single spiral wave in a porcine ventricular structure numerically (left) versus the optical mapping data obtained experimentally on a Langendorffperfused porcine heart (right) seen in Fig. 3A . Movie S6 (.avi format). Reproducing a single spiral wave on a rabbit ventricular structure numerically (left) versus the optical mapping data obtained experimentally on a Langendorffperfused rabbit heart (right) seen in Fig. 3C 
Supplementary Materials Supplementary Movies
All animations depict the transmembrane potential on the surface of the cardiac tissue. All 3D simulation are carried out for the full thickness of the 3D structure; in the optical mapping experiments, only the surface is visualized. Fig. S1 . This colormap is used in all subsequent animations, unless a colormap is explicitly displayed in the animation.
In movies depicting simulations on the cell phone, we have used a Galaxy S8 smart phone and the Google-Chrome browser. To be able to perform these experiments, make sure the following features are enabled in the browser by going to "chrome://flags": Experimental canvas features The three-dimensional experiments on the smart phone were carried out as a proof of concept for the potential for supercomputing using smart phones. Without loss of generality, the resolution of the domain was intentionally chosen to be low to ensure the problem can fit in current smart phone memories and to keep movies smooth. If needed, a finer grid could be used with a longer wait for solution on smart phones. The authors expect to witness major improvements in cell-phone hardware. The examples demonstrate that the scientific community is ready to embrace the anticipated hardware advancements.
All experiments were carried out using rabbit ventricular structures. Users with access to human CT-Scans, could replace the rabbit structures with human ventricular structures. Movie S3. EADs that are generated in a 2D slab of tissue seen in Fig. 1D from a single stimulus in the bottom left corner of the domain. The OVVR model was used in this simulation with 78% of the I Kr current blocked. These EADs persisted for several seconds producing turbulent dynamics that eventually settled into a pair of sustained spiral waves.
Movie S4. Evolution and breakup of a single scroll wave and its corresponding filament in a 3D slab. A single scroll wave is induced in a three variable minimal model in a cubical domain. The simulation was carried out using WebGL 2.0 and the Abubu.js library. In two dimensions, this model with identical parameters, and similar spiral wave initiation, leads to a sustained single spiral wave with a circular core trajectory. However, in a 3D setup, the scroll wave filament (right) has an instability (negative tension) that leads to exponential growth of small perturbations, thereby causing the scroll wave filament to stretch, twist and break into multiple scroll waves.
Movie S5. Reproducing a single spiral wave in a porcine ventricular structure numerically (left) v s the optical mapping data obtained experimentally on a Langendorff-perfused porcine heart (right) seen in Fig. 3A . The numerical model was fit to experimental data.
Movie S6. Reproducing a single spiral wave on a rabbit ventricular structure numerically (left) v s the optical mapping data obtained experimentally on a Langendorff-perfused rabbit heart (right) seen in Fig. 3C . The numerical model was fit to experimental data. To provide experimental data used to fit the minimal model, we calculated APD restitution curves by pacing from the apex at different basic cycle lengths (BCL) starting at around 900 ms and decreasing the period slowly until conduction block or fibrillation was induced. For each BCL, pacing was maintained for up to 1 minute to ensure steady state was reached. Conduction velocity was measured by first fitting the contour fronts of the activation to obtain well-defined times in space and isochrones separated at various spatial intervals were used to ensure convergence of the measurements.
Tachycardia and fibrillation initiation and defibrillation
Tachycardia (single spiral wave) was initiated using a cross-field stimulation protocol and fibrillation was initiated using rapid pacing. Pacing stimuli were delivered using a WPI stimulator and stimulus isolator. Defibrillation was accomplished by applying an electric field from platinum plates (6011 mm 2 ) on either side of the preparation 10 cm apart. Shocks were delivered from a custom-built power amplifier controlled by a function generator (Agilent 33220A).
Data analysis
Experimental data were recorded in episodes lasting between 1 and 10 s. The data were subsequently processed to remove signal drift and normalized on a pixel-by-pixel basis.
Fitting porcine experimental data to the minimal model and further quantification of the simulations in space
To date, there is no mathematical model for porcine cardiac dynamics. We present here a fit of the minimal model to experimental data that includes action potential shape (APS) (including the upstroke) obtained from microelectrode recordings together with action potential duration (APD) and conduction velocity (CV) restitution data obtained from optical mapping.
The four-variable (4V) model (see supplementary programs) accurately reproduces the APS obtained from microelectrode recordings as shown in fig. S2 ., as well as the optical mapping obtained APD and CV restitution data shown in fig. S3 . Figures 3A-B from the manuscript shows a stable spiral wave as well as fibrillation obtained in a porcine heart using optical mapping. The model simulated in the 3D porcine structure reproduced well our experimental data as well as that of Banville et al. (42) . In particular, we find that APDmax = 255 ± 40ms and dV/dtmax = 130 ± 10 V/s in experiments vs 264ms and 130V/s respectively in the model. The minimal DI and APD obtained from steady state . APD and CV restitution curves obtained from optical mapping in a Langendorffperfused porcine heart (circles) and the fit by the (red line). The right axis in the APD restitution plots shows the slope of the APD restitution curve as a function of diastolic interval (DI) for both the simulation and experimental data. The model fits to the APD and the two CV restitution curves (along and across the fiber direction) are shown with solid lines. To obtain the perpendicular CV curve with the model, the diffusion coefficient is changed by a factor of 4. restitution in the experiments were 45 ± 5 ms and 95 ± 5 ms in our experiments (57 ± 6 and 107 ± 6 in Banville et al. (42) .) vs. 50ms and 100ms in the model. Fig. S4 . APD restitution data obtained in the simulation from steady-state pacing shown in red and scatter plot of APD v s DI obtained from the whole tissue in the presence of a single spiral wave (VT, left) and during sustained fibrillation (VF, right). During VT, the data points scatter around the restitution curve, with most points centered around the dominant period of 176 ms, similar to what was observed in porcine hearts by Lee et al. (43) . During VF, the data points scatter more than in the VT case in a manner similar to our experiments and those of Lee et al. (43) .
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We observed restitution slope > 1 for DI < 90 ms in our experiments and model, similar to the 85 ± 5 ms observed in Banville et al. (42), yet the model does not produce alternans, matching our experiments and those of Banville et al. (42) . For the simulations in the 3D ventricles, we found that a single spiral wave has a period of 176 ms vs 184 ± 15 in the experiments, and the restitution curve obtained from all the points in the tissue cluster close to the steady state APD restitution curve in a way similar to our experiments and those of Lee et al. (43) . as shown in the left panel of fig. S4 . For the case of sustained ventricular fibrillation, the simulation shows a wider spread of the APD vs. DI plot as shown in the right panel of fig. S4 . indicating a lower dominant period as in our experiments and those of Banville et al. (42) and Lee et al. (43) .
Fitting the rabbit experimental data to the minimal model and further quantification of the simulations in space Modeling can help in investigating the dynamical effects of drugs in cardiac tissue (9, 11, 12) . As a further demonstration, we fit the minimal model in a manner similar to what we did for the porcine study, but for rabbit ventricles under two different drugs: diacetyl monoxime (DAM), which has been shown to lead to tachycardia, and cytochalasin (CytoD), which has been shown to lead to fibrillation. As in the case of the porcine study, we fit the 4V minimal model to experimental data that includes APS (including the upstroke) obtained from microelectrodes, together with APD and CV restitution data obtained from optical mapping.
The 3V model (see supplementary programs) accurately reproduces the APS obtained from er us microelectrode recordings for both DAM and CytoD as well as the APD restitution data and CV restitution data obtained from optical mapping, as shown in fig. S5 . Figure 3C -D in the manuscript shows the simulation and experimental (optical mapping) result for rabbit ventricles with DAM and CytoD. DAM decreases the wavelength and the ventricles can only sustain a single spiral wave, whereas for CytoD, the wavelength increases and there is more interaction between the front and the back when a spiral is initiated. This interaction can produce conduction block leading to spiral wave breakup and fibrillation that turns out to be transient, as the multiple spiral waves are not able to fit in the tissue size. We found the spiral wave dominant period to be 134 ms in the 3D simulations vs 130 ± 10 ms in the experiments for DAM and a broader range of periods for CytoD with a peak centered at a higher period of 147ms vs 150 ± 15 ms in the experiments. Similar behavior has been observed previously by Banville and Gray (44). Fig. S5 . M for rabbit with CytoD and DAM. The top left panel shows microelectrode recording of a rabbit AP with CytoD (red) and the corresponding fit to the model (black). The AP for the rabbit with DAM is also shown (green). The top right panel shows psuedo-ECG traces obtained from the 3D simulations of the minimal model fit to the rabbit DAM and CytoD scenarios in the 3D rabbit ventricles. For the fit to DAM, a stable spiral wave was produced in both experiments and simulations, while for CytoD more complex dynamics formed with several waves that did not remain for more than a few seconds. The bottom panels show optical-mapping data for the APD (left) and CV (right) restitution curves under steadystate pacing with CytoD and DAM. The experimental data was fitted to a curve and plotted for CytoD (red) and DAM (blue). The corresponding fitted 3V model is shown by circles.
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Simulations of spiral waves with different trajectories
To further demonstrate the use and facility of the WebGL codes for studying spiral-wave dynamics, we use the codes from supplementary programs to create the following portrait of spiral-wave behaviors. Further example of parameter space study using the OVVR model in 2D
In another example of a parameter study using the OVVR model, the time constant, τ d and the current I to were varied using scaling coefficients C τ d and C to , resulting in generation of complex EADs originated from the backs of the spiral waves that led to spiral wave breakup as values were increased by a factor of 10. 
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Supplemntary Programs
Supplementary Programs. All the WebGL programs that were used in this article, as well as the a copy of Abubu.js library, are included here. The supplementary programs zip file, when unzipped, creates a directory structure that is accessed by a single HTML file named "open_me_in_FIREFOX_browser.html". Open this file with the Firefox web browser and it will show links to all the applications used in this manuscript. Firefox is required here as it is currently the only browser that allows to run WebGL programs from the save directories locally. For programs hosted online, any current browser would run the WebGL.
